Quantitative models play an increasing role in exploring the impact of global change on biodiversity. To win credibility and trust, they need validating. We show how expert knowledge can be used to assess a large number of empirical species niche models constructed for the British vascular plant and bryophyte flora. Key outcomes were (a) scored assessments of each modeled species and niche axis combination, (b) guidance on models needing further development, (c) exploration of the trade-off between presenting more complex model summaries, which could lead to more thorough validation, versus the longer time these take to evaluate, (d) quantification of the internal consistency of expert opinion based on comparison of assessment scores made on a random subset of models evaluated by both experts. Overall, the experts assessed 39% of species and niche axis combinations to be "poor" and 61% to show a degree of reliability split between "moderate" (30%), "good" (25%), and "excellent" (6%). The two experts agreed in only 43% of cases, reaching greater consensus about poorer models and disagreeing most about models rated as better by either expert.
| INTRODUC TI ON
Quantitative biodiversity models have become an important tool in our attempts to understand past ecological change and to predict what may lie ahead as humans increasingly dominate the Earth system (Ellis, 2015) . The development and application of ecological models is a burgeoning field yet producing models that are credible when applied in predictive mode and easy to use is a major challenge (Evans et al., 2013; Houlahan, McKinney, Anderson, & McGill, 2017) . Independent validation of the performance of models is critical if they are to win credibility and be deployed to address real problems. Recent decades have seen a rapid increase in the development and application of statistical Species Distribution or Species Niche Models (hereafter SNM) that reproduce the distributions of species based on correlative matching of presence/ absence or presence-only datasets to environmental covariates (Elith & Leathwick, 2009; Guillera-Arroita et al., 2015) . The advantage of such models is that they are easy to develop and apply. However, they have been criticized on a number of grounds. These include reliance on the assumption of niche conservatism as conditions change (Pearman, Guisan, Broennimann, & Randin, 2007) , inappropriate extrapolation to future, potentially novel, configurations of environmental conditions (Yates et al., 2018) , omission of demographic processes and biotic interactions (Merow et al., 2014; Zurell, Jeltsch, Dormann, & Schröder, 2009 ), omission of parameters linked to adaptive capacity such as phenotypic and genotypic variation and rate of likely evolution (Catullo, Ferrier, & Hoffmann, 2015) . Building models that address these criticisms is essential but remains heavily data constrained given the number of species of interest. Moreover, there is no guarantee of an improvement in accuracy even if models are trained on demographic data that ought to confer realistic dynamism (Crone et al., 2011 but see Chapman, Haynes, Beal, Essl, & Bullock, 2014 Merow et al., 2014) . Therefore, empirical SNM are likely to see continued development and use but in parallel with building more sophisticated hybrid models.
Wise application of SNM is also fostered by the guidance emerging from a growing number of large scale tests of model transferability in space and time (Dobrowski et al., 2011; Norberg et al., 2019; Pearman et al., 2008; Yates et al., 2018) .
The urgency of the problems typically addressed by SNM has also meant an increase in the formal inclusion of expert knowledge in model-building (Addison et al., 2013; Low Choy, O'Leary, & Mengersen, 2009; Shirk, Wallin, Cushman, Rice, & Warheit, 2010) and testing (Drew & Perera, 2012; van Zonneveld, Castañeda, Scheldeman, Etten, & Damme, 2014) . Confidence in the use of SNM should increase if there is a degree of consensus between model predictions and independent expert judgment. Using statistical models of the realized niche of vascular plants and bryophytes in Britain, we investigated how expert opinion can be used to rapidly evaluate a large number of SNM that have been developed for a significant fraction of the British flora, covering all common dominant and numerous rare and subordinate species. The models are freely available within an R package called MultiMOVE (Henrys et al., 2015) . It is more likely that these models will be used and gain credibility if they can be shown to reproduce the response of each plant species to major ecological gradients reliably. This can be done quantitatively, by testing the ability of each model to reproduce random samples F I G U R E 1 Steps involved in building and assessment of the MultiMOVE species niche models based on expert judgment and comparison with AUC. Color codes are as follows: Blue = model inputs. Green = quantitative modeling steps. Orange = Model outputs. Light red = model assessment steps. See Henrys et al. (2015) and for detailed accounts of the construction of the species niche models including descriptions of the input data of the training data, but also by seeking the view of experts not involved in model construction but who possess comprehensive knowledge of the British flora. In this paper, we apply and compare the results of both approaches.
Each SNM in the MultiMOVE package is a statistical representation of the realized niche of each species across British ecosystems.
That is, each niche is a modeled probability space defined by the main effects and interactions between climate, vegetation height, indicators of substrate pH, fertility, and substrate wetness across the time interval in which the model-building data were collected.
A large database of species presence-absence data from quadrat locations across Britain was used to build models for 1,188 vascular plants and bryophytes (Figure 1 ). The availability of fine-resolution co-located soil measurements lends the models potentially greater accuracy in defining each realized niche (Coudun, Gegout, Piedallu, & Rameau, 2006; Wamelink, Goedhart, & Frissel, 2014) while also allowing models to be used to explore scenarios of environmental change that drive change in soil variables (Smart, Henrys, et al., 2010; de Vries, 2010) . Species presence/absence data used to build the models were available at relatively fine resolution (maximum 200 m 2 [14.14 × 14.14 m] to minimum 4 m 2 ). This lessens the chance of poor model fit resulting from the averaging of environmental heterogeneity (Huston, 1999) . SNM were derived by fitting species presence and absence to the explanatory variables using five different statistical modeling techniques (Figure 1 ). While the model development process is rigorous and scientific, in as much as it is clearly documented and therefore repeatable, it is not given that each model represents the true realized niche of each species. For example, a model may be missing important predictors, there may be insufficient occurrences to parameterize the model, or the data may not fit the assumptions of the model. To address these issues, an ensemble of modeling techniques was used recognizing that there is no single best statistical approach to species niche modeling (Araújo & New, 2006; Norberg et al., 2019; Smart, Henrys, et al., 2010) . Moreover, the notion that it is possible to define the "true" realized niche as a spatially and temporally invariant pattern is problematic even though the concept of the niche remains extremely useful (Araújo & Guisan, 2006; Chase & Liebold, 2003; Pulliam, 2000) . We assume pragmatically that the shape of each species' niche is stable enough to be usefully approximated by popular niche modeling methods and, as we explore here, embodied in the experiential knowledge that can be elicited from experts (Drew & Perera, 2012; O'Hagan et al., 2006) . Many of the species that we modeled have ranges that extend into the European mainland. Restrictions on data availability resulted in models that only included presence/ absence for Britain thereby constraining the environmental range of some of the models to a subset of their occupied area (c.f. McCune, 2016; Thuiller, Brotons, Araújo, & Lavorel, 2004; Yates et al., 2018) .
A useful consequence is that we did not require experts to demonstrate knowledge of the ecological preferences of species outside Britain.
We report the results of a model assessment exercise carried out by two independent expert botanists covering all niche axes of all species in the MultiMOVE R package (Figure 1 ). Both experts were deemed sufficiently familiar with the habitat prefer- In summary, we sought to answer the following questions:
1. How did the two experts rate the ability of the models to 2 | ME THODS
| Selection of experts
We circulated a request for experts to colleagues within the vegetation surveying community in Britain. Two experts were selected both of whom were prepared to commit themselves to the large size of the validation task. While we can assume that a greater number of experts should lead to more robust consensus (Drew & Perera, 2012) , our investigation was limited by the funding available to pay each expert for the large number of assessments required. A previous expert-based assessment of the habitat affinities of a subset of British plant species successfully employed three experts, hence we had no prior reason to expect that just two experts with comprehensive knowledge of the British flora would be insufficient (McInnes et al., 2017) . However, in order to further identify the strengths and weaknesses of this approach we carried out a literature review of papers documenting the use of expert knowledge in validating statistical species distribution or niche models (Appendix S1). We were especially interested in the range of variation in the ratio of experts to numbers of species and in conclusions as to the usefulness of expert assessment given the levels of agreement found between experts and between experts and models. In this instance, the two experts are not considered to be human research subjects in the sense of the Declaration of Helsinki and so it was not deemed necessary to seek approval and review by an Institutional Ethics Committee.
| Assessment methodology
The modeled responses of each species along each of the seven niche axes were made available to each expert as a "shiny" application (Chang, Cheng, Allaire, Xie, & McPherson, 2016) allowing each species to be selected by the expert for inspection and scoring via a user-friendly interface (see Figure S2 .1 in Appendix S3). The modeled response curve for each niche axis was plotted as the average of the predictions generated from the GLM, GAM, MARS, and Neural Network models for the species. The Random Forest models were excluded because of the frequent occurrence of abrupt spikes in the modeled curves that were uninterpretable and probably reflected local over-fitting (Wenger & Olden, 2012 on each x-axis was defined by the maximum and minimum values in the complete training dataset used to build the models and was therefore the same for every species assessed (Henrys et al., 2015) . Since each niche model included terms to be solved for other predictors these also needed to contribute to the solution of each model along each ecological gradient. This was done by setting the value of all other predictors to their median value in the training data, the default option in MultiMOVE. Hence, when inspecting a species response along a single gradient, model predictions were generated by varying the input values for this gradient only and fixing the input value for all other covariates at the median of each covariate across the training data. An alternative approach is to set the values of the background predictors to their observed values in each of the sampled locations in the training data. We explore this option later in the paper. Raw probabilities from each species' model were rescaled to account for varying prevalence in the model-building data with the result that all values ranged between 0 and 1 (Real, Barbosa, & Vargas, 2006) .
The experts were introduced to the use and installation of the software and the assessment methodology via email and telephone. A guidance note on carrying out the assessment was also circulated (see Appendix S1). Bryophyte species (n = 307) were assigned to one of the experts who had particular experience of the British bryophyte flora. The vascular plants (n = 881) were split between the two experts at random. From this pool, 45 vascular plants (5% of the total) were selected at random to be assessed by both experts. These were included among the larger list given to each expert so that neither expert knew the identity of the species that would also be inspected by the other. Experts were asked to assess the accuracy of each niche axis using four categories; poor, moderate, good, excellent (Appendix S1 
| Analysis
The results of the validation exercise are presented showing the frequency of species assigned to each class. The results for niche axes and species combinations that were assessed independently by both experts are presented as a confusion matrix showing the number of times the experts agreed and the frequency of disagreements by pairs of score; for example, by indicating how often expert 1 gave an assessment of "good" when expert 2 gave an assessment of "poor."
From these data % agreement was calculated as follows:
By restricting the two sums above to just pairs containing one of the assessment categories, agreement values can also be readily calculated for each, showing for example whether experts were more likely to disagree when applying the "excellent" score or the "poor" score.
| Comparison with quantitative model fit statistics
Area under the receiver-operator curve (AUC) statistics for each species and each model type in the MultiMOVE ensemble were computed as follows: The presence absence data for each modeled species were split randomly into a 75% training and 25% test set. For each species and modeling method we train on the training set and predict the probability of presence on the test set. From this we calculated AUC values on the test set using the "evaluate" function in the R package dismo (Hijmans, Phillips, Leathwick, & Elith, 2011) . For each species and modeling method we repeated this process 10 times and extracted the average of the AUC values. Scatter plots and a loess smoother were used to explore whether the assessment category awarded by each expert to each species × niche axis combination varied systematically with the mean AUC of the respective species model. We would for example, expect models that best predicted a hold-out sample of their observations to be a better description of their niche and to attract a better assessment. This assumes that the observations used to build the model are representative of the species ecological range as perceived by each expert. Prevalence was plotted against mean AUC because the high true negative rates associated with species that rarely occur in the data would be expected to result in higher AUC values (Lobo, Jiménez-Valverde, & Real, 2007; Peterson, Papeş, & Soberón, 2008) . The area under curve (AUC) statistic is simply the area beneath the ROC curve, and provides a single value that is used to summarize overall performance (Boria & Blois, 2018; McCune, 2016; Yates et al., 2018) .
| RE SULTS AND D ISCUSS I ON

| Expert assessment results
Overall, the experts assessed 39% of niche axes to be "poor" and 61%
to show a degree of reliability split between "moderate" (30%), "good" (25%), and "excellent" (6%) (Figure 2a ). The two experts exhibited differing tendencies in their approach to model assessment. Expert 1 assigned a greater proportion of models to categories associated with stronger model performance (Figure 2b ). Expert 2 showed the reverse tendency, in particular assigning a much greater proportion of modeled niche axes to the "poor" category ( Figure 2c ). Since species were allocated randomly these differences cannot be attributed to any prior ecological bias in the species assessed. Expert 1 was the only expert to assess the bryophyte models. The distribution of scores was similar to results for vascular plants; 36% of model axes being considered "poor,"
28% "moderate," 29% "good," and 7% "excellent" (Figure 2d ).
Joint assessment of a 5% random subset of vascular plant models yielded 43% agreement between experts. They were more likely to agree on the assessment of poor niche axes with increasingly less consensus about niche axes considered to be better by at least one of the experts (Table 1) . These levels of disagreement are interesting; in 14 cases expert 2 assigned "poor" where expert 1 assigned "good" and in five cases expert 1 assigned "poor" where expert 2 gave "good" consistent with the tendency for expert 2 to judge more harshly than expert 1. In nine cases, disagreements centered on climate axes, in seven cases on the succession/disturbance axis conveyed by vegetation height and in the remaining 3 cases on abiotic substrate conditions. Species-specific examples of model fits are discussed below. Model assessment scores for all species and niche axes are available in Appendix S4.
| Quantitative assessment of model fit
Mean AUC statistics for the species models were invariably greater than 0.8 with most species having scores >0.9 suggesting good %agreement = (total number of identical assessments/total number of assessments) * 100.
and excellent ability to predict the test data, respectively (Figure 3 ; Swets, 1988) . Since a high proportion of absences is expected to decrease the false-positive rate thereby increasing AUC, we would expect a negative correlation between species prevalence and AUC.
Interestingly, while this effect cannot be ruled out, mean AUC was in fact lowest at the very lowest levels of prevalence. Regardless of the relationship between AUC and prevalence, there was no obvious difference in AUC between assessment categories for either expert (Figure 3 ). There was a weak indication that species models with higher AUC were more likely to be assigned as "excellent" by expert 2.
However, the smoothed lines did not differ by any meaningful amount (Figure 3b ).
| Assessment results in light of the literature review
We located 25 published papers that reported an independent assessment of statistical species distribution models using expert opinion (Appendix S1). Compared to these papers, our assessment involved by far the lowest ratio of experts to study organisms (1-307 for bryophytes and 1-881 for vascular plants with 45 species evaluated by both experts). It would however, be wrong to assume that these low ratios are an accurate measure of the fraction of knowledge that could be applied by each expert to each species in the assessment. The experts were chosen based on their experience and expertise in surveying British plant communities. As such, this experience ought to have enabled assessment of the habitat preferences of each of the species embedded within the mixed-species assemblages widely encountered by the experts. We also encouraged the experts to select the "cannot evaluate" category if they felt unable to evaluate a model through lack of experience. Even so, the levels of disagreement between the experts suggest that various unquantified biases may have influenced their judgment. For example, a species whose abiotic niche varies geographically will be wrongly evaluated if the expert's home-range did not include the full range of the species (Drew & Perera, 2012; Murray et al., 2009; Appendix S1) . In addition to these expert-centered sources of variation, we suspect that the simplicity of the univariate model summaries may have also mitigated Note: Numbers refer to the count of niche axes and species combinations that were assessed. Thus the diagonal gives the number of assessments where both experts agreed. The figure in brackets is the % agreement for each category of score.
TA B L E 1 Confusion matrix of results for species assessed by both experts
Comparison of expert assessments-(a) Expert 1. (b) Expert 2-for each species niche axis combination versus AUC statistics for the associated model and the prevalence of each species in the training data used to build each model. Loess smoothers are fitted to each species*niche axis combination grouped by the assessment category awarded by the expert. Thus each point is a species * niche axis combination whose position is defined by its prevalence on the x-axis and the mean AUC for the species model on the y-axis. Note that prevalence (the proportion of presences/ total number of quadrats) was square-roottransformed to spread the data more evenly across the x-axis Further insight into the way each species model represents the realized niche can be gained from examining observed data and modeled occurrence simultaneously along more than one niche axis. Such plots are better able to reveal peaks in the probability of occurrence that are not visible when predictions are averaged for all other possible axes. For example the modeled maximum probability of occurrence for C. viride increases when the joint response to substrate pH and vegetation height is plotted (Figure 5a ). The result is a more accurate depiction of the modeled response for C. viride because its optimum is approximated more clearly by two rather than one niche axis (Figure 5a ). The 2D plot highlights the dependence of the species on both pH and vegetation height, responses that are averaged out by examining only one dimension. However, had we presented these plots to the experts for every pair of axes this would have increased the volume of assessment material from seven graphs to 21 graphs per species.
| The critical importance of the background variables
Another 
| The value of expert elicitation
Human judgment is affected by a range of known biases (McCarthy et al., 2004; Tversky & Kahneman, 1974) and experts are no exception yet their opinions carry greater weight than the nonexpert and therefore have the potential for great benefit if correct (Ellenberg, 2014) or grave disbenefit if false (Hill, 2004) . Having two experts assess our niche axes was better than having one. Yet just as the power of the ensemble approach to modeling relies on a consensus among models that reduces the eccentric influence of any one model (Araújo & New, 2006; Smart, Henrys, et al., 2010) it would be desirable to have more experts carry out the model assessment. The size of the task is large however, given the many species and niche axis combinations. A way forward would be to expose the MultiMOVE models to crowd-sourced expertise. We have implemented this step by presenting bivariate modeled niche surfaces and associated training data in a publicly available online application (https ://shiny-apps.ceh.ac.uk/find_your_niche/ ). Here assessments can now be captured along with a self-reported indicator of level of expertise. Such an approach allows for more complex yet informative model summaries to be presented since volunteer assessors can take as much or as little time as required for each species of interest. The disadvantage is that no prior control can be exercised over the expertise of the assessor nor the rate at which species models are assessed.
Our results show that statistical and expert assessments of models can be very different for a number of reasons: models can be a poor representation of the phenomena of interest but fit their training data well indicating that the shortcoming is with the observations rather than the modeling method. In addition, simple model summarizes, designed to be readily evaluated by the ecologist but nonexpert in statistics and modeling, can be over-simplifications. Moreover, experts may have too much faith in the transferability of their own expertise. Our results also confirm the variation that can occur among experts when asked the same question despite their expertise ostensibly covering the same knowledge domain; in this instance the habitat preferences of the British vascular plant flora (e.g. Gastón et al., 2014; Murray et al., 2009;  Appendix S1). Having more experts assess the models becomes an obvious requirement when a small number fail to reach consensus. The key lessons from our investigation are (a) that a robust consensus among experts should be based on as large a number of experts as possible, (b) that excessively simple model summaries should be avoided even though this will necessitate additional time for assessment and additional training of experts to interpret more complex model summaries.
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